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Abstract

Mixed-mode, high-cycle fatigue-crack growth thresholds are reported for through-thickness cracks (large compared

to microstructural dimensions) in a Ti±6Al±4V turbine blade alloy with a bimodal microstructure. Speci®cally, the e�ect

of combined mode I and mode II loading, over a range of phase angles b � tanÿ1�DKII=DKI� from 0° to 82°
�DKII=DKI � 0±7), is examined for load ratios (ratio of minimum to maximum loads) ranging from R � 0:1 to 0.8 at a

cyclic loading frequency of 1000 Hz in ambient temperature air. Although the general trend for the mode I stress-

intensity range at the threshold, DKI;TH, is to decrease with increasing mode mixity, DKII=DKI, and load ratio, R, if the

crack-driving force is alternatively characterized in terms of the strain-energy release rate, DG, incorporating contri-

butions from both the applied tensile and shear loading, the threshold fatigue-crack growth resistance increases sig-

ni®cantly with the applied ratio of DKII=DKI. The pure mode I threshold, in terms of DGTH, is observed to be a lower

bound (worst case) with respect to mixed-mode (I� II) behavior. These results are compared with mixed-mode fatigue

thresholds for short cracks, where the precrack wake has been machined to within �200 lm of the precrack tip. For

such short cracks, wherein the magnitude of crack-tip shielding which can develop is greatly reduced, the measured

mixed-mode fatigue-crack growth thresholds are observed to be markedly lower. Moreover, the dependence of the

mixed-mode fatigue-crack growth resistance on the applied phase angle is signi®cantly reduced. Comparison of the

large- and short-crack data suggests that the increase in the large-crack fatigue threshold, DGTH, with an increasing

mode mixity �DKII=DKI� is largely due to shielding from shear-induced crack-surface contact, which reduces the local

crack-driving force actually experienced at the crack tip. Quanti®cation of such shielding is described in Part II of this

paper. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the principal challenges currently associated with the safety and readiness of military aircraft
¯eets is the susceptibility of turbine engine components to failure from high-cycle fatigue (HCF), i.e., the
rapid propagation of fatigue cracks under high frequency vibratory loading [1,2]. Such failures are ex-
tremely costly, leading to severe engine damage, loss of aircraft, and even loss of human life. Multiaxial
loading conditions are known to exist at speci®c fatigue-critical locations within the turbine engine com-
ponents, particularly in association with fretting fatigue in the blade dovetail/disk contact section [3]. For
fatigue-crack growth in such situations, the resultant crack-driving force may be a combination of the
in¯uence of a mode I (tensile opening) stress-intensity range, DKI, as well as mode II (in-plane shear) and/or
mode III (anti-plane shear) stress-intensity ranges, DKII and DKIII, respectively. While the vast majority of
the published fatigue-crack growth data is measured for mode I loading only, it has been observed that the
superposition of cyclic shear (DKII or DKIII > 0) to cyclic tension can lower the mode I threshold stress-
intensity range, DKI, below which crack growth is presumed dormant [4±12]. Recent studies in single crystal
Ni-based superalloys show that this e�ect can be severe [13].

For the high-cycle fatigue of turbine engine alloys, it is clearly critical to quantify the e�ect of combined
tension and shear loading on the fatigue-crack growth threshold, as the extremely high cyclic loading
frequencies (�1±2 kHz) and correspondingly short times to failure may necessitate a threshold-based design
methodology [14]. Given this, as well as the knowledge of the existence of such loading conditions in fa-
tigue-critical components, the paucity of mixed-mode fatigue-crack propagation data in aerospace titanium
alloys [5±7] is of some concern. Of further concern is the almost total lack of information on mixed-mode
thresholds for cracks of limited dimensions, i.e., compared to the scale of microstructure or extent of crack-
tip shielding; extensive results for behavior under nominal mode I loading indicate that the fatigue
thresholds for the so-called small or short cracks can be signi®cantly smaller than those measured for
corresponding large cracks [15±22]. 1

Accordingly, in the present work, mixed-mode fatigue-crack growth thresholds for combined mode
I� II loading are examined in a Ti±6Al±4V alloy with a typical turbine blade microstructure. The in¯uence
of various degrees of mode-mixity, ranging from DKII=DKI � 0 (mode I loading) to �7, on the crack-
growth threshold condition is investigated for loading conditions characteristic of turbine engine HCF, i.e.
high mean stresses (up to load ratios of R � 0:8) and high cyclic loading frequencies (1000 Hz). Experiments
are performed using an asymmetric bend geometry for both large (>4 mm) and short (�150±250 lm)
cracks; the latter is achieved by machining out the wake of larger cracks to within �200 lm of the crack tip.
Since both types of ¯aws are through thickness (�5 mm) and large compared to microstructural size scales
(i.e., the grain size) in this dimension, in both cases, their crack fronts are able to ``sample'' many mi-
crostructural entities; such ¯aws may be termed ``continuum-sized'' cracks. However, the capacity for
crack-tip shielding is signi®cantly reduced with the short crack due to the restricted crack wake in which
fracture surface contact mechanisms can operate.

It is found that, although the value of the mode I stress-intensity range at threshold, DKI;TH, can be
decreased for a su�ciently high ratio DKII=DKI, provided the mixed-mode crack-driving force is charac-
terized in terms of the strain-energy release rate, DGTH, (incorporating both tensile and shear contribu-
tions), the (large-crack) fatigue-crack growth threshold actually increases with increasing mode-mixity.
Thus, the mode I fatigue-crack growth threshold, expressed in terms of DGTH, is the worst-case (at least for
continuum-sized cracks). This strong dependence of DGTH on mode mixity is found to be reduced for short
cracks, primarily due to a reduced role of crack-tip shielding; moreover, the magnitude of the DGTH

1 A brief description of the salient distinctions between large, short and small fatigue cracks can be found in Appendix A.
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threshold for such short cracks is found to be lower than that exhibited by the large cracks for all values of
DKII=DKI studied.

2. Materials and experimental methods

2.1. Material

The material investigated was a forged Ti±6Al±4V turbine engine alloy received with a bimodal mi-
crostructure 2 consisting of nearly equiaxed primary a and lamellar a� b colonies (Fig. 1). This alloy was
processed speci®cally for the joint military±industry±university HCF program by Teledyne Titanium as
mill-annealed, forging bar-stock material (diameter: 63.5 mm); its chemical composition is given in Table 1.
The b-transus temperature, measured using di�erential thermal analysis, ranged from 990°C to 1005°C.

The bar stock was sectioned into 400 mm long segments, preheated to 940°C (30 min), and forged into
400 ´ 150 ´ 20 mm3 plates. The forged plates were then solution treated at 925°C (1 h) in air, followed by fan
air cooling, and a subsequent stabilization was performed at 700°C (2 h) in vacuo. Based on the mea-
surements in each of the four random forging locations [24], the microstructure was found to consist of 64.1
vol.% (standard deviation: 6.6%) primary a with an average grain diameter of �20 lm (slightly elongated in
the longitudinal (L) direction) and lamellar a� b colonies (Fig. 1); the lamellar spacing (center-to-center

Table 1

Chemical composition of Ti±6Al±4V bar stock (in wt.%) [23]

Bar location Ti Al V Fe O N H

Top Balance 6.27 4.19 0.20 0.18 0.012 0.0041

Bottom Balance 6.32 4.15 0.18 0.19 0.014 0.0041

2 This microstructural condition is often referred to as solution treated and overaged (STOA) by the HCF community.

Fig. 1. Optical photomicrograph of the bimodal (STOA) Ti±6Al±4V. The bimodal structure consists of nearly equiaxed grains of

primary a phase (�20 lm in diameter) and regions of lamellar a� b. Etchant: aqueous 3.5% HNO3, and 5% HF.
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distance for the b phase) was measured from phase contrast (backscattered electron imaging) scanning
electron micrographs to be �1 lm.

Tensile tests, conducted at initial strain rates of 5� 10ÿ4 sÿ1 in the longitudinal (L) orientation [23],
indicated a yield strength of 930 MPa (range: 926±935 MPa) and an ultimate tensile strength of 978 MPa
(range: 970±985 MPa).

2.2. Experimental methods

Thresholds for large fatigue cracks were measured using the asymmetric four-point bend (AFPB)
specimen [4,25±27]. For this test geometry, the bending moment, Mz, varies linearly between the inner
loading points, while the shear force, Fxy , is constant in this region (Fig. 2). Thus, a cracked sample may be
subjected to loading conditions ranging from pure mode II to mode I dominant (i.e., a small value of
DKII=DKI) by careful control of the distance by which the crack is o�set from the load line, s. Pure mode I
tests were conducted using standard, symmetric four-point bend. Inner and outer loading spans (from load
line to loading point) of 12.7 and 25.4 mm, respectively, were utilized. A high pressure MoS2 grease was
applied at the loading points to minimize the e�ects of friction. Mixed-mode loading conditions were
quanti®ed both in terms of the ratio of DKII=DKI, which was varied from 0 (pure mode I) to 7.1, and the
phase angle, b � tanÿ1�DKII=DKI�, which correspondingly varied from 0° to 82°. Positive load ratios
(R � Kmin=Kmax) were varied between 0.1 and 0.8.

Fig. 2. The asymmetric, four-point-bend, crack-growth sample and the associated shear force, Fxy , and bending moment, Mz, diagrams

are shown. When the crack is o�set from the load line by an amount s, the value of s=W (where W is the beam height) dictates the ratio

of DKII to DKI.
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Because of the potentially strong in¯uence on mixed-mode crack-growth behavior of precracking
technique [9] and crack-wake shielding e�ects [4,28±31], a very speci®c fatigue precracking regimen was
employed to ensure a standard and reproducible precrack condition for all the threshold measurements.
Fatigue precracks were grown, using computer-automated stress-intensity control, from a 2 mm deep
electrical discharge machined notch under mode I loading in four-point bending, with a load ratio,
R � Kmin=Kmax, of 0.1, and a cyclic loading frequency of 125 Hz (sine wave). Loads were shed at a K-
gradient, 3 C, of ÿ0.15 mmÿ1 such that a ®nal precrack length of 4:50� 0:25 mm was achieved at a near
threshold stress intensity range of 4:8� 0:3 MPa

p
m.

To determine fatigue thresholds, tests were performed on an MTS servo-hydraulic high-frequency
testing machine incorporating a voice-coil servovalve [32]. AFPB samples were loaded with the precrack tip
o�set from the load line to achieve the desired ratio DKII=DKI. The necessary o�set and values of DKI and
DKII corresponding to the applied load amplitude were determined using a recently updated stress-intensity
solution for the AFPB geometry by He and Hutchinson [26]. Samples were then subjected to two million
cycles at 1000 Hz (sine wave). If no crack growth was observed (via an optical microscope), DKI or DKII was
increased by approximately 0.25 MPa

p
m and the test was repeated. In this way, the threshold for the onset

of crack growth (de®ned as crack growth rates less than 10ÿ11 m/cycle) was measured as a ``growth/no
growth'' set of loading conditions bounding the true threshold.

Fatigue precracks for short-crack threshold measurements were generated as described above. Following
this procedure, the precrack wake was machined out using a slow speed diamond saw to within �200 lm of
the precrack tip, as illustrated in Fig. 3. This technique signi®cantly restricts the degree of crack wake
contact during subsequent mixed-mode loading and, hence, markedly reduces the magnitude of crack-tip
shielding. Mixed-mode fatigue-crack growth thresholds were then measured by the same methods em-
ployed for large fatigue cracks.

Fig. 3. The ®rst step of fatigue precracking for short-crack threshold measurements was conducted in the same manner as for large-

crack threshold measurements, as shown in (a). Following this procedure, the precrack wake was machined out using a slow speed

diamond saw (b) to within �200 lm of the precrack tip. Mixed-mode thresholds for short fatigue cracks were then measured by the

same methods employed for large fatigue cracks.

3 The K-gradient, C, is de®ned by the equation DK0 � DKi exp�C�a0 ÿ ai��, where subscripts ``0'' and ``i'' indicate current and initial

parameter values.
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3. Results and discussion

3.1. Mixed-mode threshold envelopes

Mixed-mode fatigue-crack growth threshold envelopes, plotted as the mode II stress-intensity range
at threshold, DKII;TH, as a function of the corresponding mode I threshold, DKI;TH, are shown in Fig. 4.
The thresholds for the onset of crack extension are presented for DKII=DKI values of 0, 0.5, 1.9 and 7.1
(b � 0°, 26°, 62° and 82°, respectively) at load ratios of 0.1, 0.5 and 0.8. Closed and open symbols rep-
resent the loading conditions that produced, respectively, no crack growth and crack growth; these
loading conditions bound the true threshold for the onset of crack extension. An error analysis for these
threshold data is presented in Appendix B; uncertainty in the position of the crack with respect to the
mechanical test frame load line and the associated uncertainty in DKI;TH and the applied phase angle are
considered.

Comparison of the three load ratios investigated reveals that the fatigue-crack growth resistance is
degraded by increasing R, as evidenced by a shifting of the threshold envelope towards lower values of
DKI;TH and DKII;TH. These ®ndings are consistent with the previous reports regarding the in¯uence of load
ratio on mixed-mode fatigue-crack growth thresholds in other material systems [4,10]. Further discussion of
the in¯uence of load ratio on mixed-mode thresholds is presented below.

Fig. 4. Mixed-mode fatigue-crack growth threshold envelopes for bimodal Ti±6Al±4V at load ratios, R, of 0.1, 0.5 and 0.8 and a cyclic

loading frequency of 1000 Hz in ambient temperature air. Closed and open symbols represent the loading conditions that produced,

respectively, no crack growth and crack growth; these loading conditions bound the true threshold for the onset of crack extension. On

the upper and right-hand axes, DKI;TH and DKII;TH are normalized by the pure mode I threshold at R � 0:1, DKTH;R�0:1.
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While the value of the mode I threshold, DKI;TH, is substantially reduced at high phase angles, a con-
spicuous feature of the mixed-mode threshold envelopes in Fig. 4 is that the value of DKI;TH does not
necessarily decrease monotonically with increasing mode-mixity. Its value is actually nominally unchanged
(indeed, it is slightly increased) as b is increased from 0° to 26° (DKII=DKI � 0 and 0.5, respectively), for all
load ratios investigated. This variation of DKI;TH with phase angle, b, (plotted in Fig. 5) gives rise to the
appearance of a ``nose'' in the threshold envelope. Such a feature in the mixed-mode fatigue-crack growth
threshold envelope has not been previously reported in the literature and is contrary to the previous reports
of fatigue-crack growth behavior in other material systems [5,8,11,33±35], where the mode I threshold,
DKI;TH, has been reported to decrease monotonically due to the superposition of shear loading. Further-
more, for the present data, as b is increased to 62° �DKII=DKI � 1:9�, the value of DKI;TH does not nec-
essarily decrease substantially relative to its value at b � 0°, particularly at R � 0:5 and 0.8. For b � 82°
(DKII=DKI � 7:1), however, the mode I threshold stress-intensity range does decrease substantially. As
discussed in detail in Part II [36], quanti®cation of crack-tip shielding with respect to the applied mode I
stress-intensity range indicates that this insensitivity of DKI;TH to superimposed shear loading can be at-
tributed largely to a shear-induced enhancement of mode I fatigue-crack closure.

3.2. Mixed-mode crack path

Contrary to the previous reports of transient self-similar crack extension during mixed-mode loading in
Ti±6Al±4V [5] and other material systems [4,37], such coplanar crack extension was not observed in the

Fig. 5. For the mixed-mode fatigue-crack growth threshold data presented in Fig. 4, the mode I stress-intensity range at threshold,

DKI;TH, is plotted as a function of the applied phase angle, b � tanÿ1�DKII=DKI�. DKI;TH is observed to increase slightly as b increases

from 0° to 26° (DKII=DKI � 0 and 0.5, respectively) and then decrease for b � 62° and 82° (DKII=DKI � 1:9 and 7.1).
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present study. In all cases, the onset of crack propagation was de¯ected with respect to the precrack ori-
entation. In Fig. 6, the measured crack de¯ection angles, a, are plotted as a function of the applied phase
angle, b, for R � 0:1, 0.5 and 0.8. Note that the length of the de¯ected cracks used to identify the crack
de¯ection angles were large compared to the microstructural size scales, i.e., �25 grain diameters. These
data are compared with the crack de¯ection angles predicted by the three most prominent theories de-
scribing crack propagation under mixed-mode loading conditions: the maximum tangential stress criterion
[38], the minimum strain energy density criterion [39], and the maximum strain energy release rate criterion
[40]. Despite the experimental scatter in these data, the present results are generally consistent with any one
of these theories, although there is a slight trend of higher crack de¯ection angles than that predicted by the
theory. It has been reported previously for BS4360 50D structural steel [10] that the angle of crack de-
¯ection due to an applied mixed-mode loading is not a function of load ratio; the present results do not
refute this ®nding.

3.3. Single-parameter characterization of the mixed-mode threshold

While it is instructive to examine the variation of fatigue-crack growth threshold as a function of mode
mixity and load ratio using the threshold envelopes shown in Fig. 4, additional information can be obtained
by replotting these same data using a single-parameter characterization of the mixed-mode, crack-driving

Fig. 6. Measured crack de¯ection angles, a, are plotted as a function of the applied phase angle, b, for R � 0:1, 0.5 and 0.8. These data

are compared with the crack de¯ection angles predicted by the three most prominent theories describing crack propagation under

mixed-mode loading conditions: the maximum tangential stress criterion [38], the minimum strain energy density criterion [39], and the

maximum strain energy release rate criterion [40].
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force which incorporates both DKI and DKII. In Fig. 7a, the mixed-mode fatigue thresholds are presented in
terms of the range in strain energy release rate, DG: 4

DGTH � �DK2
I;TH � DK2

II;TH�=E0: �1�

Here, DKI;TH and DKII;TH are values of these parameters applied to the precrack tip, E0 � E (the elastic
modulus) for plane stress, and E0 � E=�1ÿ m2� for plane strain (m is PoissonÕs ratio). Alternatively, the
results can be plotted in terms of an equivalent stress-intensity range, DKeq (Fig. 7b), where the equivalent
(mixed-mode) stress-intensity threshold is given by

DKeq;TH � �DGTHE0�1=2
: �2�

Using this single-parameter characterization of the fatique-crack growth resistance (Fig. 7), it is ap-
parent that the crack-growth threshold, DGTH or DKeq;TH, increases monotonically with phase angle, b, for
each load ratio investigated. For the highest phase angles investigated (b� 82° for R� 0.1 and 0.5 and
b� 62° for R� 0.8), DGTH is 4.4, 7.0 and 4.1 times the mode I threshold value, respectively, for R� 0.1, 0.5
and 0.8. From the perspective of high-cycle fatigue in turbine engine components, the results presented in
Fig. 7 indicate that for bimodal Ti±6Al±4V, the mode I DGTH fatigue threshold (measured at the appro-
priate load ratio) represents the worst-case condition for all phase angles measured. Thus, the presence of
mixed-mode loading does not preclude the application of a threshold-based design methodology. In fact, a
conservative estimate of the mixed-mode threshold can be attained simply by expressing the pure mode I
threshold in terms of DG. Alternatively, in terms of stress intensities, the lower-bound, mixed-mode
threshold condition can be stated as the equivalent stress-intensity range equal to the mode I threshold DK
measured under pure mode I loading conditions, i.e., DKeq;TH � DKI;TH at b� 0°. Other examples of the
crack-growth resistance increasing with increasing mode-mixity have been reported for monotonic fracture
at interfaces [41,42], cyclic-loading induced delamination of Cu/Sn±Pb solder joints [43], and the fatigue of
dual-phase steels [11].

3.4. In¯uence of load ratio

Although the in¯uence of load ratio has been noted above with reference to the mixed-mode threshold
envelopes shown in Fig. 4, the relationship between the mixed-mode threshold and R for each phase angle
investigated can be more clearly observed in Fig. 8, where DGTH is plotted as a function of R for phase
angles of b � 0°, 26°, 62° and 82° (DKII=DKI � 0, 0.5, 1.9 and 7.1, respectively). For each value of b, the
fatigue-crack growth threshold decreases as load ratio increases. For the case of mode I loading, a tran-
sition is observed between a region where DGTH is relatively strongly dependent on load ratio (R < 0:5) and
a region of signi®cantly reduced load ratio dependence (R > 0:5); this behavior is consistent with the model
developed by Schmidt and Paris [44] to describe the variation of the mode I fatigue threshold with load
ratio. On the assumption that the stress intensity for crack closure, Kcl, and the e�ective (near-tip) threshold
stress-intensity range, DKeff;TH, are both independent of R, this model predicts that the DKI;TH threshold
should be constant with R above a critical load ratio where Kmin ®rst exceeds Kcl (such that closure e�ects
are minimal). Indeed, this relationship between the mode I fatigue-crack growth threshold and R has been
documented previously for the same bimodal Ti±6Al±4V investigated in this study [14,24,25], and these
®ndings were consistent with the current results.

4 It should be noted that DG de®ned this way is not exactly equal to Gmax ÿ Gmin, where Gmax and Gmin are, respectively, the values

of G determined at the maximum and minimum loads of the fatigue cycle.
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Fig. 7. Mixed-mode fatigue-crack growth thresholds in bimodal Ti±6Al±4V are plotted in terms of (a) the range in strain energy release

rate at threshold, DGTH, and (b) the equivalent stress-intensity range, DKeq;TH � �DGTHE0�1=2
, as a function of the applied phase angle,

b � tanÿ1�DKII=DKI�, for load ratios of 0.1, 0.5 and 0.8. DGTH is observed to increase substantially with b.
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For the mixed-mode loading conditions investigated (b � 26°, 62°, and 82°), the relationship between
DGTH and R is distinctly di�erent from the behavior exhibited for mode I loading (b � 0°). Speci®cally, the
fatigue threshold is observed to decrease at a nearly constant rate with increasing load ratio, i.e., there is no
transition between regimes of relatively strong and weak load ratio dependence. Quanti®cation of mixed-
mode crack-tip shielding (reported in Part II [36]) suggests that the absence of such a transition may be
attributed to enhanced crack-tip shielding under mixed-mode loading (where shielding is not fully sup-
pressed even at R � 0:8). A constant rate of decrease of mixed-mode fatigue-crack growth thresholds with
increasing R has previously been observed in BS4360 50D structural steel by Tong et al. [10]. However, in
that study, the rate of decrease in the threshold was reported to be the same for all phase angles investigated

Fig. 8. The threshold range in strain energy release rate, DGTH, is plotted as a function of load ratio, R, for b � 0°, 26°, 62° and 82°
(DKII=DKI � 0, 0.5, 1.9 and 7.1, respectively). For each value of b, the fatigue-crack growth threshold decreases as load ratio increases.
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and equal to the initial slope of the mode I threshold versus R data. Here, the slope of DGTH versus R for
b � 26° and 62° are similar to that of the strongly R-dependent regime of the mode I threshold data, but
each of these slopes is indeed slightly di�erent.

For b � 82° (DKII=DKI� 7.1), it appears that the threshold is much more strongly dependent on load
ratio than for any other phase angle investigated. This ®nding must be questioned, however, because for
fatigue loading with b � 82° and R � 0:5, crack extension was observed to occur by the formation of a
branch crack which de¯ected o� the precrack wake approximately 275 lm behind the crack tip (this result
was reproducible in more than one sample). At this point in the crack wake, DKII=DKI is not equal to 7.1.
Hence, the fatigue-crack growth threshold reported here for b � 82°, R � 0:5 should be viewed as a
conservative estimate and the dependence of the threshold on load ratio for b � 82° may not be as strong as
suggested in Fig. 8.

3.5. Short-crack fatigue thresholds for mixed-mode loading conditions

Mixed-mode fatigue-crack thresholds for short cracks in bimodal Ti±6Al±4V are compared with the
threshold data for large cracks at R � 0:1 and 0.8 in Fig. 9. Short-crack threshold measurements were
performed at R � 0:1 and 1000 Hz cyclic loading frequency in ambient temperature air. Threshold data for
applied phase angles, b � tanÿ1�DKII=DKI�, of 26°, 62° and 82° (DKII=DKI � 0:5, 1.9 and 7.1, respectively)
are presented in terms of the threshold mode II stress-intensity range, DKII;TH, as a function of the cor-
responding mode I value, DKI;TH, in Fig. 9a. In Fig. 9b, the mixed-mode threshold, in terms of DGTH, is
plotted as a function of the phase angle, b.

For each phase angle investigated, the short-crack fatigue threshold is considerably lower than that of
the corresponding large crack at R � 0:1. This is particularly clear under shear-dominant loading condi-
tions at b � 62° and 82°. The reduction in the threshold for fatigue-crack growth with cracks of restricted
wake is believed to arise from the limited extent of crack-tip shielding that can develop for short fatigue
cracks. Also, the dependence on mode-mixity of the DGTH threshold for the short fatigue cracks is markedly
reduced compared to the DGTH dependence on b for large cracks. Whereas, the large-crack DGTH threshold
increases by as much as a factor of 7 with superimposed shear, the short-crack threshold at R � 0:1 in-
creases by only a factor of �2.5. If it is assumed that the primary di�erence between the large and short
fatigue cracks is the magnitude of crack-tip shielding [15], the present results suggest that such shielding
contributes signi®cantly to the magnitude of the large-crack mixed-mode thresholds, and is largely re-
sponsible for the elevation in the DGTH threshold as b is increased. Moreover, the mixed-mode fatigue-crack
growth resistance may be even worse for incipient surface cracks that are of dimensions equivalent or less
than the microstructural size scales. For such microstructurally-small cracks, in addition to a biased
sampling of the microstructure, the magnitude of crack-tip shielding would likely be even less than that
which exists for the short fatigue cracks investigated here (where crack lengths are �10 times the average
grain size). This point is discussed in more detail in Section 3.6.

It is noted that, as no measurement of the pure mode I, short-crack threshold was made, the large-crack
value of DGTH at R � 0:8 is used as an estimate of this data point in Fig. 9b for purposes of illustrating the
variation of DGTH with b for short fatigue cracks at R � 0:1. For mode I fatigue-crack growth in the bi-
modal Ti±6Al±4V of interest here, it has been shown that (global) crack-tip shielding (i.e., crack closure) is
completely suppressed at R � 0:8 [45]. Thus, it is expected that the large-crack threshold measured at
R � 0:8 would be comparable to a threshold measured from a short fatigue crack at R � 0:1, where closure
is now largely suppressed by the limited crack wake length. Although, in general, mean stress may in¯uence
the fatigue-crack growth threshold independent of crack closure [46±48], this e�ect is not signi®cant in the
present material for load ratios between that necessary to fully suppress closure (R � 0:5) and R � 0:8;
speci®cally, only a 0.3 MPa

p
m reduction in DKI;TH is observed between these R ratios [45].
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Fig. 9. Mixed-mode fatigue-crack growth thresholds for short cracks in bimodal Ti±6Al±4V (R � 0:1, 1000 Hz cyclic loading fre-

quency) are compared with threshold data for large fatigue cracks at R � 0:1 and 0.8. Threshold data are presented both in terms of (a)

the threshold mode II stress-intensity range, DKII;TH, as a function of the corresponding mode I value, DKI;TH, and (b) the threshold

range in strain energy release rate, DGTH, as a function of the applied phase angle, b � tanÿ1�DKII=DKI�. Also shown in (b) is an

estimate of the mode I fatigue-crack growth threshold for a microstructurally small crack [49].
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3.6. Fatigue-crack growth thresholds in the presence of microstructurally small cracks

While consideration has already been given to the manner in which the mixed-mode fatigue-crack
growth threshold varies with the applied ratio DKII=DKI in the absence of crack-tip shielding, it is im-
portant to remember that fatigue-crack growth resistance can also be signi®cantly altered when the crack
front samples a limited number of microstructural entities. In Fig. 9, a mode I fatigue-crack growth
threshold �R � 0:1� is presented for a naturally initiated small crack in bimodal Ti±6Al±4V, which is on the
order of the grain size of this material (�20 lm). This data point, measured by Peters and Ritchie [49],
indicates that fatigue-crack growth can occur at applied driving forces as low as DKI;TH � 1 MPa

p
m

(DGTH � 9:5 J/m2). This microstructurally small-crack threshold illustrates the marked in¯uence which the
biased microstructural sampling can have on the fatigue-crack growth threshold. Such behavior has been
well documented for mode I fatigue loading [16±22], but has never been examined in terms of mixed-mode
loading. Comparison of this small-crack threshold with a crack-tip shielding free, large-crack threshold
(R � 0:8, DKI;TH � 3:2 MPa

p
m and DGTH � 79 J/m2) subjected to an equivalent phase angle (b � 0°)

indicates that such restricted sampling of the microstructure can reduce the fatigue-crack growth threshold
by factors of �3 and 8, respectively, in terms of DKI;TH and DGTH. It is also interesting to note the full range
in fatigue-crack growth threshold that can be exhibited in bimodal Ti±6Al±4V due to variations in applied
phase angle, crack size, and microstructural sampling. For R � 0:1 and b � 82° (DKII=DKI � 7:1), the
measured large-crack threshold, DGTH � 872 J/m2, is a factor 90 times higher than this mode I small crack
threshold. 5 Clearly, further work is needed to determine the small-crack thresholds under mixed-mode
loading conditions in order to complete the understanding of mixed-mode fatigue-crack growth resistance.

4. Conclusions

Based on a study of the high-cycle, fatigue-crack growth threshold for both large (>4 mm) and short
(�200 lm) cracks under combined mode I and mode II loading (mode-mixities varying from DKII=DKI � 0
to �7; phase angles from 0° to 82°) in a Ti±6Al±4V turbine blade alloy with a bimodal (STOA) micro-
structure, tested in room temperature air at a loading frequency of 1000 Hz (sine wave), the following
conclusions are made:

(1) Although the large-crack, mode I fatigue threshold stress-intensity range, DKI;TH, is found to decrease
for su�ciently high mode-mixity (DKII=DKI), more appropriate quanti®cation of the crack driving force in
terms of the range in strain-energy release rate reveals that the mixed-mode threshold, DGTH, actually
increases; indeed, for an increase in mode-mixity from DKII=DKI � 0 to �7, a sevenfold increase in DGTH

has been observed. Thus, for ``continuum-sized'' cracks (i.e., large compared to microstructural dimen-
sions) in this alloy, the pure mode I threshold, de®ned in terms of DGTH, may be used as a conservative,
lower-bound estimate of the mixed-mode fatigue-crack growth threshold.

(2) Measurements of short-crack fatigue thresholds, where the wake shielding zone is restricted to �200
lm, suggest that this signi®cant increase in the large-crack, mixed-mode DGTH threshold with increasing
mode-mixity is primarily due to a shear-induced enhancement of crack-tip shielding. For the short fatigue
cracks, where such shielding is minimal, the measured DGTH thresholds are signi®cantly lower (relative to
the large-crack threshold) for all values of DKII=DKI investigated. Moreover, the increase in DGTH with
increasing mode-mixity is markedly reduced.

5 When the thresholds are compared in terms of an equivalent stress-intensity range, DKeq;TH, the mixed-mode large-crack threshold

at R � 0:1 and b � 82° is still a factor of �9.5 higher than the mode I small-crack threshold (DKeq;TH � 10:5 and 1.1 MPa
p

m,

respectively).
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(3) For both mode I and mixed-mode loading conditions, the threshold for fatigue-crack growth de-
creases with increasing positive load ratio (R� 0.1±0.8). For mode I loading, at a critical load ratio
(Rcr � 0:5) above which crack closure e�ects are minimal (i.e., Kmin > Kcl), a transition is observed between
regimes of relatively strong load-ratio dependence (for R < Rcr) and relatively weak load-ratio dependence
(for R > Rcr). Conversely, for mixed-mode loading conditions, no such transition is observed; the rate of
decrease in mixed-mode DGTH threshold with increasing R is relatively constant over the range of R� 0.1±
0.8. Such behavior is reasoned to result from an increase in crack-tip shielding with increasing mode-mixity
due to shear-induced crack-surface interference.
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Appendix A. Distinction between large, short and small cracks

A key component of the present work is a comparison of the mixed-mode crack-growth behavior for
fatigue cracks of varying dimension, which are classi®ed here as large, short and small cracks. For the sake
of clarity, the salient di�erences between such cracks are brie¯y reviewed here. Large fatigue cracks (Fig.
10a) have fracture surface dimensions that are large compared to the scale of the microstructure in both
directions. They therefore generally have a fully developed 6 crack-tip shielding zone and can ``sample'' the
microstructure in a statistical (continuum) manner [21]. With respect to large cracks, small cracks are
generally described as being comparable in size to [20]:

(i) microstructural dimensions, where biased statistical sampling of the microstructure can lead to accel-
erated crack advance along ``weak'' paths, i.e., microstrucutral features oriented for easy crack growth
(a continuum limitation);
(ii) the extent of local inelasticity ahead of the crack tip, where the assumption of small-scale yielding
implicit in the use of the stress intensity, K, is not strictly valid (a linear-elastic fracture mechanics lim-
itation);
(iii) the extent of crack-tip shielding (e.g., crack closure) behind the crack tip, where the reduced role of
shielding leads to a higher local driving force than the corresponding large crack at the same applied K
level (a similitude limitation).
However, a further important distinction can be made, namely that of a short vs. small crack, as

schematically shown in Fig. 10. This distinction alludes not simply to physical size but the extent to which a
fatigue crack is subjected to the ®rst and third factors listed above. Short fatigue cracks (Fig. 10b) are
physically short in only one dimension, a condition that is often realized experimentally by machining away
the wake of a large crack. This type of fatigue ¯aw experiences limited crack-tip shielding due to its reduced
length [15], yet still samples the microstructure as a continuum because of its extensive crack front. In
contrast, small fatigue cracks (Fig. 10c) are small and comparable to the microstructural size scale in all
dimensions, as typi®ed by the small, semi-elliptical surface ¯aw [19,20,22]. With such cracks, crack-tip

6 For mixed-mode loading conditions, the shearing of the fracture surfaces with respect to one another can produce crack-wake

contact via sliding interference over dimensions which are much larger than for mode I loading, perhaps over the entire wake of a large

fatigue crack [28,50]. Thus, the notion of a ``fully developed'' shielding zone is somewhat unclear for mixed-mode loading conditions.

At the least, one would expect the equilibrium shielding-zone length to be a function of the applied ratio of shear to tension.
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shielding is signi®cantly reduced [17,21], and since the crack front samples only few microstructural entities,
this allows a biased sampling of microstructurally weak paths [18]. Because of this restriction in shielding
and the biased microstructural sampling, fatigue-crack growth resistance in the presence of small cracks
tends to be lowest.

Appendix B. Error analysis

The attainment of the desired phase angle, b � tanÿ1�DKII=DKI�, using the asymmetric four-point bend
loading geometry (Fig. 2) [26], requires that the crack be o�set from the load line of the mechanical testing
frame by a speci®c amount. Errors in the value of this o�set, s, can lead to signi®cant errors in b and DKI.
This is particularly true when trying to achieve strongly shear-dominant loading conditions, as the value of
DKII=DKI approaches in®nity as s! 0. As shown in Fig. 2, for the asymmetric four-point bend test, the
bending moment, Mz, varies linearly between the inner loading points, while the shear force, Fxy , is constant
in this region. As a result, uncertainty in s leads to uncertainty in DKI and, hence, in the phase angle; DKII is
una�ected.

For the mixed-mode fatigue-crack growth threshold measurements made in the present study, the error
in s was quanti®ed by comparing the expected position of the crack with respect to the load line (based on a
positioning of the sample using a micrometer) and to the true value of s (determined by measuring the

Fig. 10. These schematic illustrations highlight the key distinctions between large, short and small fatigue cracks. Large cracks (a) have

length, a, and width, W, which are large both with respect to the equilibrium shielding-zone length, ls (indicated here as a region of

debris in the crack wake which produces crack closure), and the characteristic microstructural size scale, q, e.g., the grain size. In

contrast to this, short fatigue cracks (b) are characterized by a < ls, but W � q. The reduced crack-wake length results in a lower level

of crack-tip shielding. For small cracks (c), the fracture surface is reduced in both dimensions, with a (and W) being small with respect

to both ls and q. The fact that a � q implies that the crack front samples only a few microstructural entities, leading to a biased

sampling of the microstructure.
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distance from the load line to the crack tip using an optical telescope). The root mean squared error in s was
determined to be only 0.081 mm. The resultant uncertainty in the mixed-mode fatigue-crack growth
threshold data for bimodal Ti±6Al±4V is presented in Fig. 11, where error bars indicate the range in DKI;TH

corresponding to �0:081 mm with respect to the desired value of s. In accordance with the discussion
above, the uncertainty in DKI;TH is larger for the higher phase angle loading conditions. The uncertainty in
b is presented in Table 2 in terms of ranges in b (corresponding to the ranges in DKI;TH shown in Fig. 11).
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